Epigenetic regulation is critical in normal cardiac development. We have demonstrated that the deletion of Jarid2 (Jumonji (Jmj) A/T-rich interaction domain 2) in mice results in cardiac malformations recapitulating human congenital cardiac disease and dysregulation of gene expression. However, the precise developmental and epigenetic functions of Jarid2 within the developing heart remain to be elucidated. Here, we determined the cardiac-specific functions of Jarid2 and the genetic networks regulated by Jarid2. Jarid2 was deleted using different cardiacspecific Cre mice. The deletion of Jarid2 by Nkx2.5-Cre mice (Jarid2 Nkx ) caused cardiac malformations including ventricular septal defects, thin myocardium, hypertrabeculation, and neonatal lethality. Jarid2 Nkx mice exhibited elevated expression of neural genes, cardiac jelly, and other key factors including Isl1 and Bmp10 in the developing heart. By employing combinatorial genome-wide approaches and molecular analyses, we showed that Jarid2 in the myocardium regulates a subset of Jarid2 target gene expression and H3K27me3 enrichment during heart development. Specifically, Jarid2 was required for PRC2 occupancy and H3K27me3 at the Isl1 promoter locus, leading to the proper repression of Isl1 expression. In contrast, Jarid2 deletion in differentiated cardiomyocytes by cTnt-Cre mice caused no gross morphological defects or neonatal lethality. Thus, the early deletion of Jarid2 in cardiac progenitors, prior to the differentiation of cardiac progenitors into cardiomyocytes, results in morphogenetic defects manifested later in development. Our studies reveal that there is a critical window during early cardiac progenitor differentiation when Jarid2 is crucial to establish the epigenetic landscape at later stages of development. . 2 The abbreviations used are: Jarid2, Jumonji A/T-rich interaction domain-2;
Human congenital cardiac defects are one of the most common forms of birth defects (1) . Normal cardiovascular development requires precise control of gene expression in a spatial and temporal-dependent manner. Eukaryotic gene transcription is regulated by chromatin structure partly via modifications of histone tails. Due to a groundbreaking discovery of histone demethylases such as Jumonji (Jmj) family factors, histone methylation is now considered a reversible epigenetic mark. Methylated histone tails are recognized as a marker for transcriptional activation or repression. In general, methylation at histone H3 lysine 9 (H3K9), H3K27, or H4K20 is associated with gene repression, whereas methylation at H3K4, H3K36, or H3K79 is correlated with gene activation (2, 3) . However, the regulatory roles of histone methylation status in gene expression are not fully understood. Histone lysine demethylases show exquisite substrate specificity and participate in diverse biological processes. Mutations or deregulation of histone demethylases are often linked to human diseases (4, 5) . Jarid2 2 (JMJ) is a nuclear factor critical for mouse embryonic development (6) . Jarid2 is the founding member of the Jmj family that functions as histone lysine demethylases. However, Jarid2 is enzymatically inactive due to amino acid substitutions in the JmjC domain that is a catalytic domain (7, 8) . Nonetheless, Jarid2 is essential for embryonic development in the heart, liver, and hematopoietic tissues (6) . Jarid2 knockout (Jarid2 KO) mice die perinatally and exhibit cardiac defects mimicking human congenital cardiac defects including ventricular septal defect (VSD), double-outlet right ventricle, thin myocardium and hypertrabeculation (9, 10) . Left ventricular noncompaction (LVNC) in humans is characterized by a spongy ventricular myocardium with excessive trabeculations and deep trabecular recesses in the left ventricle leading to a thin ventricular wall (11) , which is manifested in Jarid2 KO hearts (9) . The American Heart Association formally classified LVNC as a distinct cardiomyopathy (11) . The genesis of LVNC has been speculated to represent an arrest of the final stage of myocardial morphogen-esis, which is often referred to as "myocardial compaction" for a lack of better terminology. The etiology of LVNC remains unclear partly because the genetic causes of LVNC are heterogeneous, and there is insufficient knowledge on the molecular control of normal trabeculation and compaction during ventricular myocardial wall development.
During mammalian heart development, the ventricles undergo complex morphogenetic events (12) . The initial step is the formation of a single cell layer of myocardium at an early developmental stage, followed by the formation of a trabecular and compact myocardium at early midgestation stage. The final step involves the myocardial compaction to give rise to the thickened ventricular wall with the reduced trabecular layer at late midgestation stage, but molecular events leading to the mature ventricular wall remain poorly understood. In mouse models, noncompaction cardiomyopathy has been used to describe the thin compact layer with normal or excessive trabeculations, leading to the thin ventricular myocardial wall at mid-to late stages of cardiac development (13) . Notch pathways, Neuregulin1, and bone morphogenetic protein 10 (Bmp10) expression are critical for initiation and expansion of the trabecular layer, which in turn affect the ventricular wall thickness (12) . Cardiac jelly between the endocardium and the underlying trabecular layer is also essential for initiation and growth of the trabecular layer (12, 14) . Interestingly, all of the above signals in the heart are significantly reduced in later developmental stages, which coincides with the cessation of trabeculation as well as compaction of the ventricular myocardium.
Jarid2 functions as a major component of the transcriptional networks that balance pluripotency and differentiation in embryonic stem (ES) cells. Jarid2 is associated with the Polycomb repressive complex 2 (PRC2) in ES cells and is required for an efficient accumulation of PRC2 on the chromatin (7, 15, 16) . Major components of PRC2 consist of the SET domain containing histone methylases, EZH1/EZH2 and SUZ12, and EED, which specifically methylate at H3K27. Trimethylation of H3K27 (H3K27me3) is associated with repressed chromatin states, and widely distributed among genes encoding developmental regulators. However, it is debated whether Jarid2 loss in ES cells causes increases or decreases in H3K27me3 levels. PRC2 and H3K27me3 occupy a set of genes controlling differentiation and prevent full expression of these genes until lineage commitment in ES cells (17, 18) . Although loss of Jarid2 or PRC2 function results in defective ES cell differentiation, the epigenetic role of Jarid2 remains unclear during heart development. We have demonstrated that the endothelial deletion of Jarid2 partially recapitulates cardiac defects observed in Jarid2 KO mice (19) . In the endocardial layer, Jarid2 represses Notch1 expression by interacting with Setdb1 via H3K9me3 enrichment at the Notch1 locus (8). This seems crucial for termination of trabeculation and initiation of compaction of the ventricular myocardial wall. As a major epigenetic marker, H3K9 methylation is known as a "histone code" for gene silencing. Conditional deletion of Ezh2, a catalytic subunit of PRC2, using Nkx2.5-Cre mice results in cardiac developmental defects such as hypertrabeculation, thinning of the compact myocardium, and VSD, which are similar to the defects observed in Jarid2 KO mice (9, 20) . However, it remains unknown whether Jarid2 cooperates with PRC2 during heart development.
In this study, we demonstrate that cardiac-specific deletion of Jarid2 in cardiac progenitors and their progeny causes neonatal lethality and cardiac malformations including VSD, hypertrabeculation, and thin compact layer. In contrast, Jarid2 deletion in differentiated cardiomyocytes did not result in overt cardiac malformation. These data indicate that there is a critical window during early cardiac progenitor differentiation when Jarid2 is crucial to establish the epigenetic landscape at later stages of development. We provide evidence that Jarid2 cooperates with PRC2 for H3K27me3 accumulation on a subset of Jarid2 target genes in the developing heart, which contributes to repress differentiation of other lineages such as neural differentiation, and to guide normal myocardial development.
Results

Cardiac-specific deletions of Jarid2
Jarid2 deletion in mice causes congenital heart defects and death right after birth (9) . However, the precise developmental and molecular functions of Jarid2 remain to be elucidated within the early developing heart. Thus, we set out to determine the cardiac-specific function of Jarid2 by deleting Jarid2 in cardiac progenitors and their progeny using Nkx2.5-Cre KI mice (Jarid2 Nkx ) (21) . We first analyzed Mendelian ratios from embryonic day (E) 9.5 through postnatal day (P) 10 ( Table 1) . The Mendelian ratios for Jarid2 Nkx mutants (Nkx2.5-Cre/ϩ; Jarid2f/f) were normal until birth, but all mutants succumbed to death within 1 day after birth. Heterozygous mutant mice (Nkx2.5-Cre/ϩ;Jarid2f/ϩ) were present at the expected Mendelian ratio. We further examined roles of Jarid2 within the 
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myocardium after cardiac cells had differentiated to cardiomyocytes. Cardiomyocyte-specific deletion of Jarid2 using ␣MHC-Cre mice causes neither gross cardiac malformation nor perinatal lethality (19) . It is plausible that Jarid2 plays a critical role earlier than expected. cTnt-Cre mice express Cre from E7.5 onwards, whereas ␣MHC-Cre mice express Cre at E8.5 (22, 23) . Thus Jarid2 deletion mice using cTnt-Cre mice, cTnt-Cre/ϩ;Jarid2f/f (Jarid2 cTnt ), were generated. Jarid2 cTnt mice were born at the expected Mendelian ratio without overt cardiac defects (data not shown) and survived to adulthood (Table 1 ). These results suggest that Jarid2 in differentiated cardiomyocytes is dispensable for cardiac morphogenesis, supporting the critical roles of Jarid2 early in cardiac progenitors. We first confirmed that Jarid2 was efficiently deleted in the heart. PCR data on isolated genomic DNAs showed that the floxed exon 3 of Jarid2 was deleted only in the heart, but not in the tail or the brain of Jarid2 Nkx embryos ( Fig. 1A) . Jarid2 transcripts and protein levels were significantly decreased in Jarid2 Nkx versus control embryonic hearts ( Fig. 1, B and C) . Jarid2f/f mice were used as the control (Ctrl) throughout this study.
Cardiac progenitors can contribute to different cardiac cell types such as endocardium. Conflicting reports exist that Nkx2.5-Cre mice delete a floxed allele only in the myocardium or both in the myocardium and endocardium due to an early expression of Cre in cardiac progenitors (20, 21, 24) . To determine whether Jarid2 is deleted only in the myocardium or also in the endocardium, co-immunostaining was performed using antibodies against Jarid2 and MF20, a cardiomyocyte marker ( Fig. 1D ). Jarid2 was detected in the control myocardium but was not detectable in the Jarid2 Nkx myocardium (arrowheads). In contrast, Jarid2 was detected in the endocardium of the Jarid2 Nkx heart similar to the control endocardium as indicated by arrows. When primary cultured cells isolated from Jarid2 Nkx hearts were co-immunostained using Jarid2 and MF20 or PECAM antibodies, Jarid2 expression was detected in PECAMpositive cells, whereas it was not detectable in MF20 positive cells (Fig. S1, A and B) . These data suggest that Jarid2 was deleted in cardiomyocytes but not in endothelial/endocardial cells. We have previously demonstrated that Jarid2 plays important roles in the endocardium by repressing Notch1-Neuregulin1 (Nrg1) signaling pathways to the underlying myocardium (8) . Because we cannot exclude a possibility that Jarid2 may be deleted in a subpopulation of endocardial cells in Jarid2 Nkx hearts, we examined whether endocardial signaling pathways are altered in Jarid2 Nkx hearts. qRT-PCR data showed that Notch1-Nrg1 pathways were not increased in Jarid2 Nkx versus control hearts ( Fig. S1C ). Furthermore, none of the Jarid2 mutants generated by other cardiac Cre drivers including ␣MHC-, MLC2v-, and Nkx2.5-transgenic (Tg) Cre showed cardiac malformations or perinatal lethality (19) . These data support that Jarid2 functions normally in the endocardial cells of Jarid2 Nkx hearts.
Jarid2 Nkx mice exhibit cardiac developmental defects
Next, we examined cardiac defects in mutant hearts during development by H&E staining of transverse sections ( Fig. 2 ). At E12.5, Jarid2 Nkx hearts showed the grossly normal trabecular and compact layers in the ventricle as compared with the control hearts ( Fig. 2A, a and b ). However, an increased space between the endocardium and the myocardium was observed in Jarid2 Nkx versus control hearts as indicated by an arrow (Fig.  2A, c and d) . Around E14, the interventricular septum in the control heart fused to the endocardial cushion and separated Figure 1 . Cardiac-specific deletion of Jarid2 using Nkx2.5-Cre mice (Jarid2 Nkx ). A, genomic DNAs were isolated from the tail (T), heart (H), and brain (B) at E18.5. PCR was performed using primers located outside two loxP sites containing exon3 of Jarid2 (61), yielding floxed allele (1054 bp) or floxed-out allele (354 bp). B, Jarid2 mRNA levels were detected by qRT-PCR relative to 18S RNA on the control or Jarid2 Nkx heart, brain, or liver at E18.5, n ϭ 3. *, p Յ 0.05. C, Western blotting was performed with Jarid2 antibody on control or Jarid2 Nkx hearts at E13.5. GAPDH is a loading control. D, immunostaining analysis was performed on comparable transverse heart sections from E10.5 control (a-d) or Jarid2 Nkx (e-h) embryos using Jarid2 (red) and MF20 (green) antibodies. Arrows indicate the endocardium and arrowheads indicate the myocardium. Scale bar, 50 m.
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the right and left ventricles ( Fig. 2A, e ). In contrast, Jarid2 Nkx hearts showed defective interventricular septation leading to VSD as indicated by a star ( Fig. 2A, f) . Due to decreased cardiac jelly in the normal heart around E14, the endocardium is in direct contact with the myocardium for termination of trabeculation and compaction of trabeculae into the compact layer, leading to the development of a thick ventricular wall (14) . However, Jarid2 Nkx ventricles at E14 showed an increased subendocardial space (arrow), a thin compact layer ( Fig. 2A, h) , and hypertrabeculae ( Fig. 2A , f, arrowhead) as compared with controls ( Fig. 2A, e and g) . At E15.5, the mutants continued to show VSDs (star), thin myocardium, and hypertrabeculation ( Fig. 2A , j and l, arrowhead) compared with controls ( Fig. 2A , i and k), which persisted in Jarid2 Nkx mutant hearts at P1 ( Fig. 2A, n) . Ventricular wall thickness and a distribution of trabeculae were quantitated at E15.5, indicating a decrease in compact layer thickness mainly in the left ventricle, and an increase in trabeculation in the ventricle of Jarid2 Nkx hearts ( Fig. 2B ). Jarid2 Nkx hearts exhibited partially penetrant cardiac defects as summarized in Table 2 (see details in Table S1 ). Some Jarid2 heterozygous mutant mice (Nkx2.5-Cre/ϩ;Jarid2f/ϩ) showed cardiac defects, whereas either Nkx2.5-Cre alone (Nkx2.5-Cre/ϩ; Jarid2ϩ/ϩ, Table 2 and Fig. S2 ) or Jarid2 whole body heterozygous mutants (9) did not show any ventricular defects or lethality. Because Nkx2.5-Cre mice contain a deletion of Nkx2.5 in one allele, these results suggest that Nkx2.5 and Jarid2 may cooperate functionally or genetically during development. In summary, Jarid2 Nkx mutants exhibit ventricular defects including increased subendocardial space, VSD, hypertrabeculation, and the thin compact layer of the ventricular wall.
Increased subendocardial space in Jarid2 Nkx hearts is indicative of increased cardiac jelly. The cardiac jelly in the ventricle is critical for ventricular wall development and required for the initiation and growth of trabeculation between E9.5 and 13.5 (14) . Cardiac jelly components are mainly produced by the myocardium in the ventricle during the early stages of cardiac development until E12, and then the amounts of cardiac jelly begin to diminish at E12.5. The cardiac jelly is degraded by matrix metalloproteinases that are generated by the endocardium, which signals termination of trabecular growth. Thus, the heart sections were stained with Alcian blue to detect the presence of mucopolysaccharides, components of the cardiac jelly ( Fig. 2C ). Alcian blue staining was increased in the mutant versus control ventricle at E12. At E15.5, the mutant heart showed cardiac jelly between the endocardium and the trabecular myocardium, whereas the control heart did not show any staining. The thin compact layer is evident in the mutant ventricle compared with the control.
Because cardiac jelly was increased in Jarid2 Nkx hearts, we analyzed the expression levels of cardiac jelly components that play important roles in heart development. Our previous gene expression profile showed that Fibronectin 1 (Fn1), Cartilage Figure 2 . Cardiac defects were observed in Jarid2 Nkx embryos. A, H&E staining was performed on transverse sections at E12.5 (a-d), E14 (e-h), E15.5 (i-l), and P1 (m and n) of Jarid2 Nkx (b, d, f, h, j, l, and n) versus control (a, c, e, g, i, k, and m) mice. The boxed regions of a, b, e, f, I, and j are magnified in c, d, g, h, k, and l, respectively. Representative images of Jarid2 Nkx embryos show VSD (*, f, j, and n), thin myocardium (dashed line, h and l), and disorganized hypertrabeculae (arrowheads, f and j) are shown. Arrows (d and h) indicate the increased distance between the endocardium and myocardium in Jarid2 Nkx . The dotted lines separate the compact and trabecular layers. Scale bar, 100 m. B, compact layer thickness was measured by drawing lines, and distribution of trabecular area was measured using NIH ImageJ software on the right (R) or left (L) compact layer (C) and trabecular layer (T) at E15.5. Three slides per heart were measured, n ϭ 4. C, Alcian blue staining showed increased mucopolysaccharides in Jarid2 Nkx at E12 and E15.5. The sections were counterstained with nuclear fast red. Scale bar, 100 m. D, qRT-PCR was performed to determine the expression levels of extracellular matrix components and, a metalloproteinase, Adamts1 on control or Jarid2 Nkx hearts at E13.5. The expression levels were normalized to the control; n ϭ 3 (*, p Յ 0.05; **, p Յ 0.01).
link protein 1 (Crtl1, Hapln1), and Versican (Vcan) are highly elevated in Jarid2 KO hearts (8) . Fn1 is critical for cardiac development (25) . It is produced by the myocardium and endocardium, and secreted into the cardiac jelly (26) . Crtl1 is mainly expressed in the endocardial lining of the heart and in the atrioventricular junction. At later stages, it becomes restricted to endocardially derived mesenchyme. Crtl1 functions to stabilize the interaction between hyaluronan and proteoglycan such as Vcan (27) . Vcan, a chondroitin sulfate proteoglycan produced by the myocardium, is normally decreased at E12.5. Vcan is proteolyzed by the ADAMTS (a disintegrin and metalloproteinase with thrombospondin motif) family for myocardial compaction (28) . Our qRT-PCR data showed that only Fn1 was significantly increased in Jarid2 Nkx versus control hearts ( Fig.  2D ). Collagen2a1 (Col2a1) was not increased, and collagen staining of heart sections using Masson's trichrome stain also indicated no increase in collagen in Jarid2 Nkx versus control ventricles at E13.5 (data not shown). Vitronectin (Vtn) is a component of the extracellular matrix, and functions in cell attachment by interacting with other components or receptors (29) . Vtn expression was not altered in Jarid2 Nkx hearts versus controls. Adamts1 is a metalloproteinase that breaks down the cardiac jelly and contributes to the termination of trabeculation (14) . Adamts1 expression was not altered, implying normal degradation of the cardiac jelly in Jarid2 Nkx hearts. These data suggest that Jarid2 in the myocardium inhibits the production of the cardiac jelly but may not affect the degradation of cardiac jelly.
To determine whether the cardiac defects in Jarid2 Nkx mice are due to altered cell proliferation in the ventricle, we analyzed cell proliferation rates. The number of phospho-Histone H3 or Ki67-positive cardiomyocytes in mutant heart sections was similar to control sections at E13.5 and 15.5 (Fig. S3, A and B) . Both control and mutant hearts showed very low levels of cleaved caspase3 expression, indicating no significant changes in apoptosis in Jarid2 Nkx versus control hearts ( Fig. S3C ). Our previous study also indicates no significant change in apoptosis in Jarid2 KO versus WT hearts (30) .
Determination of the genetic network regulated by Jarid2
Analyses of our gene expression profile data indicated that 3606 genes were down-regulated, and 3810 genes were up-regulated in Jarid2 KO versus WT embryonic hearts ( Fig. 3A , foldchange cutoff of Ͼ1.2) (8). The dysregulated genes were involved mainly in heart development and vasculature development by gene ontology (GO) analysis of biological pathways using DAVID functional analysis software (https://david. ncifcrf.gov/) 3 (GO/DAVID) ( Fig. 3A) . Among the dysregulated genes, up-regulated genes were involved in response to wounding, whereas down-regulated genes represented a generation of precursor metabolites and energy by GO/DAVID analyses. Jarid2 has been shown to occupy the promoter regions to regulate target gene expression (31) . We have identified genomewide Jarid2 occupancy on the promoters in the developing heart using the RefSeq promoter arrays (8) . To investigate the genetic network regulated by Jarid2, we overlapped the dysregulated genes in Jarid2 KO hearts with the genes whose promoters were occupied by Jarid2. Our results revealed that of 3898 promoters that were occupied by Jarid2, 1292 genes were dysregulated in Jarid2 KO hearts, of which 706 genes were upregulated, and 586 genes were down-regulated. The overlapping genes were mainly involved in intracellular signaling cascade, blood vessel development, transcription, and skeletal system and heart development by GO/DAVID analyses.
Although Jarid2 can regulate H3K27 methylation (7), it remains unknown whether Jarid2 is involved in H3K27 methylation during heart development. To identify the promoters where H3K27me3 is enriched, we performed ChIP-chip on embryonic hearts using H3K27me3 antibodies, yielding 1,132 promoters ( Fig. 3B ). When Jarid2 ChIP data were overlapped with H3K27me3, 605 promoters were identified, which mainly represented multicellular organism development and transcription pathways by GO/DAVID analyses ( Fig. 3D ). Of those, 102 genes were up-regulated, and 64 genes were down-regulated in Jarid2 KO hearts ( Fig. 3C ), indicating a subset of Jarid2 target promoters show H3K27me3 accumulation and simultaneously dysregulated in the absence of Jarid2. These analyses also indicate that Jarid2 regulates target genes by other pathways.
To determine potential targets of Jarid2 that are co-occupied by the PRC2 complex, we overlapped Jarid2 targets with the published PRC2 targets in embryonic hearts (20) , yielding 263 potential target genes ( Fig. S4 ). To determine targets of both Jarid2 and PRC2, which concomitantly show H3K27me3 accumulation, we overlapped the three ChIP data sets. A total of 224 genes among 263 genes showed H3K27me3 accumulation, indicating that a remarkably high percentage (85.2%) of the targets occupied by both Jarid2 and Ezh2 show H3K27me3 accumulation, whereas only 15.5% (605/3898) of Jarid2 targets showed H3K27me3 accumulation. These results strongly suggest that Jarid2 forms a functional complex with PRC2 to increase or maintain H3K27me3 levels on the specific promot- 
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ers in the developing heart. Next, we investigated the transcriptional network regulated by the Jarid2-PRC2-H3K27me3 axis. We performed GO/DAVID analyses with 224 genes. The top two significant pathways were regulation of RNA metabolic process and regulation of transcription. Of the 224 genes, 67 genes (29.9%) were dysregulated in Jarid2 KO hearts. Among those dysregulated genes, 39 genes were up-regulated, whereas 28 genes were down-regulated (Tables S2 and S3 , respectively). 
Interestingly, among the up-regulated genes, 12 genes were involved in neuron differentiation (Ngfr, Sall1, Lhx1, Sall3, Emx1, Barhl2, Neurod2, and Isl1) or function (Npas3, Syt6, Lef1, and Drd4). These results imply that Jarid2 together with PRC2 inhibits neuronal pathways via H3K27me3 enrichment on specific promoter loci within the developing heart. Among the down-regulated genes in Jarid2 KO hearts, 586 genes were occupied by Jarid2 (Fig. 3A) , which represent generation of precursor metabolites and energy, and regulation of transcription pathways by GO/DAVID. Among the 586 genes, 36 genes were co-occupied by PRC2, and of the 36 genes, 28 genes also showed H3K27me3 accumulation (Table S3 ). These 36 or 28 genes represent embryonic organ development, and multicellular organismal processes, respectively. It is unknown how these genes are down-regulated in Jarid2 KO hearts. Because only the promoter occupancy was analyzed in this study, it is plausible that other enhancer regions of these genes may elicit dominant roles, which warrants further investigation.
We then analyzed gene expression levels in Jarid2 Nkx hearts, which are selected among the 67 dysregulated genes (Fig. 3E) . Neural developmental genes, including Isl1, Sall1, Sall3, and Pax6 were up-regulated in Jarid2 Nkx hearts, suggesting that Jarid2 with PRC2 represses these genes via H3K27me3 accumulation. In contrast, expression levels of some genes involved in neural differentiation, including Barhl2, Neurod2, and Lef1 showed no significant difference, implying that certain potential targets are not actively repressed by myocardial Jarid2 at E13.5. The genes involved in heart development (Nkx2.5, Nfatc1, and Msx1) were not significantly changed in Jarid2 Nkx hearts versus controls. Interestingly, Isl1 was significantly upregulated. Isl1 is a critical transcription factor for the develop-ment of the secondary heart field and is highly expressed until E10 in the ventricle (32) . Lef1 and Sall1 were not included in heart developmental genes by GO/DAVID analyses. However, Tcf/Lef1-mediated Wnt signaling regulates the transcription of cardiac factors, such as Isl1, Mesp1, and Anf, and cardiac development (33) (34) (35) . In addition, mutations of Sall1 cause Townes-Brocks syndrome in humans with heart anomalies, and Sall1 expresses in the undifferentiated cardiac progenitor cell (36, 37) . Sall1 expression was significantly increased in Jarid2 Nkx hearts. Our data suggest that neural developmental pathways are suppressed by myocardial Jarid2 in the developing heart. Jarid2 elicits fine transcriptional regulatory function during ventricular myocardial differentiation partly by depositing H3K27me3 via PRC2 on specific promoter loci.
The transcriptional network regulated by Jarid2
To identify transcriptional networks governed by Jarid2 in cardiac development, we have selected up-regulated genes that show more than an 1.7-fold increase in Jarid2 KO hearts (8), yielding 586 genes. An average fold-increase of all the up-regulated genes was 1.7 in our gene expression profile data. Among these, we analyzed expression levels of important genes in cardiac development, such as Bmp10, Isl1, Igf1, Igfbp2, and Fn1 in Jarid2 Nkx hearts. qRT-PCR indicated that Bmp10, Isl1, and Igfbp2 were significantly elevated in Jarid2 Nkx versus control hearts at E13.5 and E16.5 (Fig. 4, A and B) . Igf1 and Fn1 were transiently up-regulated in Jarid2 Nkx at E13.5. To confirm the protein levels, Western blotting was performed using antibodies against phosphorylated Smad1/5/8 and Isl1. P-Smad1/5/8 levels were significantly elevated in Jarid2 Nkx hearts at E13.5, and Isl1 expression was increased at E13.5 and 15.5 compared with control hearts (Fig. 4, C and D) . P-Smad1/5/8 is used as a The expression levels were normalized to the control, n ϭ 3-5. C, Western blotting was performed on E13.5 and E15.5 control or Jarid2 Nkx hearts with phospho-Smad1/5/8 or Isl1 antibody. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is a loading control. D, the graph shows the protein levels of phospho-Smad1/5/8 and Isl1 that were standardized to GAPDH and normalized to the control heart at E13.5, n ϭ 4 (*, p Յ 0.05; **, p Յ 0.01).
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marker for Bmp10 signaling. When a Bmp10 signal is activated, Smad1/5/8 is phosphorylated and activated (38) . Bmp10 expression and P-Smad1/5/8 were elevated in Jarid2 Nkx hearts, which correlates well with hyper-trabecular defects or ventricular myocardial maturation defects. Isl1 is expressed in conduction cells during heart development, and its expression persists in a subset of cardiac cells after birth such as in nodal cells or cardiac progenitors (39) . Our gene expression profile data showed up-regulation of Bmp2, Tbx2, and Gjd3 in Jarid2 KO hearts, which are expressed in conduction cells (8, 40) . Hcn4 is a marker of the sinoatrial node with co-expression of Isl1 (41) . All four genes seem increased in Jarid2 Nkx hearts at E13.5 although only Gjd3 showed statistical significance (Fig. S5) . Thus, up-regulation of Isl1 appears to correlate with an increased expression of the conduction system genes in Jarid2 Nkx hearts. Ventricular wall maturation requires the precise regulation of gene expression in the trabecular and compact layer. We examined whether the trabecular versus compact layer fate decision is defective in Jarid2 Nkx hearts. Bmp10 is critical for trabecular formation and expressed only in the trabecular myocardium between E9 and E13.5 (38) . In situ hybridization analyses showed that Bmp10 expression was expanded deep into the compact layer in Jarid2 Nkx ventricles at E13.5 (Fig. S6) . Anf is a trabecular-specific gene in the embryonic ventricle, and its expression decreases as the heart develops (9) . Anf expressing cardiomyocytes are detected deep into the compact layer in Jarid2 KO embryonic hearts compared with controls. In contrast, the Hey2 expression level, a compact layer-specific gene, is not altered in Jarid2 KO hearts by qRT-PCR (19) , and it was detected only in the compact layer of the Jarid2 Nkx ventricle by in situ hybridization (data not shown). Thus, in Jarid2 Nkx hearts, the trabecular layer appears to be expanded into the compact layer, but the expression pattern of the compact layer-specific gene has not been altered. These data imply that the fate determination of the trabecular versus compact layer is normal.
Epigenetic mechanisms of Jarid2 in regulation of Isl1 expression
Our data indicate that Isl1 is a putative direct target of Jarid2, and one of the most up-regulated genes in the absence of Jarid2 during heart development. To determine the precise regulatory mechanism of Isl1 expression by Jarid2, we analyzed genomic occupancy of the Isl1 locus by qChIP assays. We performed VISTA alignments to identify conserved regions at the Isl1 locus (Fig. 5A) . The conserved regions from 5 kilobases (kb) upstream and downstream of the Isl1 transcription start site were selected for q-ChIP assays using a Jarid2 antibody on E14.5 hearts when Isl1 is normally reduced (32) . In control hearts, the high level of Jarid2 occupancy was detected at Ϫ0.5 kb relative to the transcriptional start site, which was significantly reduced in Jarid2 Nkx hearts (Fig. 5B ). Our data indicate that Jarid2 accumulates at the Isl1 promoter region in the developing myocardium.
PRC2 is necessary for normal cardiac development, and Isl1 expression is also elevated in PRC2 KO hearts (20) . However, it remains unknown whether Jarid2 cooperates with PRC2 to regulate Isl1 expression in the developing heart. We hypothesize that Jarid2 is essential for recruiting PRC2 to the Isl1 genomic locus and for histone modifications of H3K27. To test this, q-ChIP assays were performed to analyze Ezh2, a PRC2 component, and H3K27me3 accumulation in Jarid2 Nkx versus control hearts at E14.5. Both Ezh2 and H3K27me3 were enriched at the Ϫ0.5kb promoter region in control hearts, but significantly reduced in Jarid2 Nkx hearts (Fig. 5C ). These results suggest that the Isl1 promoter locus is occupied by Jarid2, and the same region is enriched with Ezh2 and H3K27me3 in a Jarid2dependent manner. Although the physical interaction between Jarid2 and Ezh2 in the PRC2 complex has been well-demonstrated (7, 15) , their interaction has not been shown in the heart. Our co-immunoprecipitation showed the physical interaction between Jarid2 and Ezh2 in embryonic heart extracts in vivo (Fig. S7A ). To determine whether H3K4 methylation, a transcriptional activation marker, is altered, we measured H3K4me3 enrichment at the Isl1 promoter locus. H3K4me3 was increased at the Ϫ0.5kb region of the Isl1 locus in Jarid2 Nkx versus control hearts, which correlates well with the active transcriptional status of Isl1 in Jarid2 Nkx hearts. Thus, early cardiac-specific deletion of Jarid2 by Nkx2.5-Cre causes a decreased PRC2 and H3K27me3 accumulation on the Isl1 promoter locus, which correlates well with a failure of Isl1 suppression in Jarid2 Nkx hearts during development.
Jarid2 suppresses transcriptional activity of Isl1
To investigate whether Jarid2 represses Isl1 transcription, we constructed two reporter plasmids containing the Isl1 promoter with or without the Ϫ0.5kb region, which is the site of Jarid2 occupancy. The reporter containing the Ϫ0.5kb region showed a decrease in luciferase levels when co-transfected with Jarid2 in a dose-dependent manner (Fig. 6A ). However, the reporter without the Ϫ0.5kb region or pGL3 basal vector did not show any changes in luciferase levels by Jarid2. These results indicate that the Ϫ0.5kb region is critical for repression of Isl1 transcription by Jarid2.
To determine which domain of Jarid2 is required to repress Isl1 transcriptional activity, various Jarid2 mutant plasmids (42) were co-transfected with the Isl1 reporter ( Fig. 6B ). Jarid2 mutants, the N-term (aa 1-528) or TR (aa 1-222), showed about 30 -40% decreases in Isl1 reporter activity. These constructs also contain the EZH2 interaction site (31) . In contrast, the C-term (aa 529 -1234, cytoplasmic protein) or NLS/C-term (aa 1-130/529-1234, nuclear protein) displayed no repressive activity. Because Jarid2 contains NLS in the N-terminal region (aa 1-130), the C-term protein without NLS does not localize in the nucleus. The mutant containing NLS fused to the C-term localizes in the nucleus (42) . These data indicate that the TR and EZH2 interacting domain of Jarid2 is required to repress Isl1 reporter activities. Next, we determined whether PRC2 components, EZH2 and EED, regulate Isl1 transcriptional activity in cooperation with Jarid2. Jarid2 or EZH2 alone at a low dose did not repress Isl1 reporter, but EED showed a 10% reduction (Fig. 6C ). Co-transfection of Jarid2 with either EZH2 or EED showed about a 30% reduction, whereas Jarid2 together with both EZH2 and EED resulted in a 50% reduction. Therefore, we tested whether the TR domain of Jarid2 is sufficient to repress Isl1 by interacting with PRC2 (Fig. 6D ). Although a low
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dose of TR domain did not display a significant repression of Isl1, it showed a synergistic repression of about 30 -40% with EED or EZH2. Additionally, a combination of EED and EZH2 with the TR domain showed about a 50% repression similar to the full-length Jarid2. Jarid2 together with EED and EZH2 significantly repressed the reporter activity as compared with EED and EZH2 without Jarid2 (Fig. 6, C and D) . Altogether, our data indicate that Jarid2 and PRC2 cooperate to significantly inhibit Isl1 transcription, and that the TR domain of Jarid2 mediates PRC2-dependent inhibition of Isl1 transcription.
In summary, our working model depicts the mechanism of Jarid2 function within the developing myocardium ( Fig. 7) . There is a critical window during early cardiac progenitor differentiation when Jarid2 is required for normal cardiac development. In contrast, Jarid2 in differentiated cardiomyocytes is dispensable for cardiac morphogenesis. Our finding indicates that Jarid2 is necessary to recruit PRC2 to the promoter region of a subset of Jarid2 target genes and to establish a proper histone methyl code such as methylation of H3K27, which leads to transcriptional repression of the target genes in the developing heart. This process is instrumental for normal myocardial differentiation, in part by repressing noncardiac lineage developmental pathways and regulating cardiac jelly components.
Discussion
Jarid2 is essential for embryonic development and is a recognized component of pluripotency networks (5) (6) (7) . The present study demonstrates that cardiac-specific deletion of Jarid2 using Nkx2.5-Cre mice causes neonatal lethality and ventricular defects including VSD, hypertrabeculation, and the thin compact layer leading to the thin ventricular myocardial wall. The genes whose promoters are occupied by Jarid2, PRC2, and H2K27me3 showed dysregulated biological pathways in Jarid2deficient hearts such as neuronal differentiation pathways. Of note, cardiac-specific deletion of PRC2 results in cardiac developmental defects, which are remarkably similar to those observed in Jarid2 KO mice (9, 20) . In contrast, cardiomyocytespecific deletion of Jarid2 by cTnT-Cre mice did not cause gross cardiac malformations or perinatal lethality, indicating that Jarid2 in differentiated cardiomyocytes is dispensable for cardiac morphogenesis.
To determine roles of Jarid2 in differentiated cardiomyocytes, Jarid2-floxed mice have been crossed with different myocardial-specific Cre mice, including ␣MHC-Cre, Nkx2.5-Cre Tg (19) . These mutant mice show grossly normal hearts and survive to adulthood, which might be due to the late expression of 
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Cre. Nkx2.5-Cre Tg mice show Cre activity at E8.0 in the myocardium and a subset of endocardial cells (43) . Because ␣MHC-Cre mice activate Cre from E8.5 in the myocardium (23), we employed cTnT-Cre mice that express Cre early from E7.5 (22) . However, Jarid2 deletion by cTnT-Cre mice did not cause cardiac developmental defects or perinatal lethality. Although Nkx2.5-Cre and cTnt-Cre mice start to express Cre recombinase from E7.5 in the heart, a complete recombination in the Figure 6 . Jarid2 represses the Isl1 reporter gene. A, pGL3, pGL3-Isl1 including the Ϫ0.5kb region (Ϫ0.9/ϩ0.15 kb) or without the Ϫ0.5kb region (Ϫ0.12/ϩ0.15 kb) was transfected into 10T1/2 cells with increasing amounts of Jarid2 (g). B, a schematic diagram shows Jarid2, and Jarid2 mutants (N-term, 1-528 aa; TR, 1-222 aa; C-term, 529 -1234 aa; NLS/C-term, 1-130/529-1234 aa). Jarid2 (0.2 g) was transfected into 10T1/2 cells with the pGL3-Isl1 (Ϫ0.9/ϩ0.15 kb) reporter. TR, transcription repression domain; JN, Jumonji N domain; JC, Jumonji C domain; ARID, AT-rich interaction domain. C, pGL3-Isl1 (Ϫ0.9/ϩ0.15 kb) reporter was transfected into 10T1/2 cells with Jarid2, EED, and/or EZH2 at a low dose (50 ng). D, the TR domain of Jarid2 (1-222 aa, 25 ng) was transfected into 10T1/2 cells with or without EED and/or EZH2 (50 ng) for luciferase activity assays of pGL3-Isl1 (Ϫ0.9/ϩ0.15 kb). Luciferase activity was normalized to the reporter gene alone. Asterisks indicate a significant difference compared with the reporter gene alone (*, p Յ 0.05; **, p Յ 0.01, n ϭ 3). A number sign indicates a significant difference between a combination of any two factors and all three factors together. Figure 7 . Jarid2-mediated gene repression is required for normal cardiomyocyte differentiation. Jarid2 and PRC2 complex repress neuronal gene expression by deposition of H3K27me3 epigenetic marks in early cardiac cells. However, Jarid2 deficiency in cardiac cells relieves the suppressive function of PRC2 complex on neuronal genes, and increases cardiac jelly production, all of which contribute to abnormal cardiac differentiation.
cardiogenic fields is observed at E8.0 and E8.5, respectively (44) . In addition, cTnt-Cre expression starts later in the secondary heart field. These may have caused a lack of cardiac developmental defects in Jarid2 cTnt . Thus, our results indicate that Jarid2 is necessary in early cardiac progenitors for normal heart development at later stages. Perturbation of this early process may contribute to cardiac malformations manifested later in development. It would be interesting to investigate the impact of Jarid2 deletion on adult heart pathophysiology using ␣MHC-Cre mice.
Nkx2.5 is a cardiac-specific transcription factor and expressed in the cardiac mesoderm from E7.5 to adult cardiomyocytes. It is believed that endocardial cells are also derived from Nkx2.5-positive cardiac progenitors in the cardiac mesoderm (21, 24) . When the progenitor cells differentiate into endocardial cells around E7.5-8.0, they lose Nkx2.5 expression, whereas myocardial cells continue to express Nkx2.5. Because the Nkx2.5-Cre mice employed in this study express Cre from E7.5 in cardiac progenitors, other lineages such as endocardial cells may have expressed Cre (21) . However, our analyses indicate a myocardial-specific deletion of Jarid2 in Jarid2 Nkx hearts ( Fig. 1, and Fig. S1 ). Thus, the cardiac defects observed in Jarid2 Nkx hearts are mainly caused by myocardial deletion of Jarid2, although we cannot exclude a possibility that Jarid2 may be deleted in a subset of endocardial cells. Nkx2.5-Cre mice are haploinsufficient for Nkx2.5, and Nkx2.5 haploinsufficiency is associated with atrial septal defects, VSD, and conduction system abnormalities albeit at a low rate in mouse models (45, 46) . Thus, we examined Nkx2.5-Cre (Nkx2.5-Cre/ ϩ;Jarid2ϩ/ϩ) and heterozygous (Nkx2.5-Cre/ϩ;Jarid2f/ϩ) mice for possible cardiac defects. All Nkx2.5-Cre embryos ( Table 2 , Fig. S2 ) or Jarid2 heterozygous KO embryos (9) showed normal ventricular structure in our genetic background. Nkx2.5-Cre/ϩ;Jarid2f/ϩ compound heterozygous mice showed cardiac defects with low penetrance, suggesting putative functional and/or genetic interactions between Jarid2 and Nkx2.5. Additional mice with Nkx2.5-Cre/ϩ;Jarid2f/ϩ need to be examined to determine possible interactions between Jarid2 and Nkx2.5. However, the Mendelian ratio of Nkx2.5-Cre/ϩ;Jarid2f/ϩ mice was normal (Table 1) . Moreover, Nkx2.5 transcript levels appear unchanged in Jarid2 Nkx hearts versus controls (Fig. 3E) , implying that Nkx2.5 haploinsufficiency may not have contributed significantly to cardiac defects or lethality observed in Jarid2 Nkx mice. Jarid2 Nkx embryos exhibited partial penetrance ( Table 2 ). It may be due to a limitation of Cre-loxP technology, an incomplete Cre-mediated deletion of the Jarid2 floxed allele in a subset of cells. However, it should be noted that each mutant showed at least one or more cardiac defects (Table S1 ).
Regulation of the cardiac jelly is crucial for normal trabeculation in the ventricle wall, which requires cross-talk between the endocardium and myocardium (14) . Increased cardiac jelly in the Jarid2 Nkx ventricle may have contributed to hypertrabeculation and thin myocardium, likely due to the failure of repressing trabeculation and compacting the ventricular wall. Intriguingly, both Jarid2 KO and endothelial deletion cause increased subendocardial space (9, 19) , which indicate that complex regulatory mechanisms exist to regulate the cardiac jelly expression involving both the myocardium and endocardium. In our data, Fn1 was significantly increased at E13.5 in Jarid2 Nkx hearts. Deletion of the Fn1 gene in mice causes embryonic lethality due to severe cardiac defects (25) . Thus, it would be interesting to determine the mechanism by which Jarid2 regulates Fn1 expression during heart development.
Various mouse models have been generated and studied for ventricular wall morphogenesis or noncompaction cardiomyopathy. Some models exhibit reduced cell proliferation in the developing heart. These include cardiac-specific PRC2 deletion mice exhibiting hypertrabeculation and thin compact layer (20) , and Bmp10 deletion mice showing decreased trabeculation and thin myocardium leading to the hypoplastic ventricle (47) . To the contrary, some mouse models show increased cell proliferation mainly in the trabecular layer. For example, Jarid2 KO, Fkbp1a deletion, or cardiac-specific deletion of Mib1 in mice result in hypertrabeculation and thin compact layer leading to the thin ventricular myocardium (9, 48, 49) . In some mouse models, cell proliferation was not altered. For example, Daam1-deficient hearts show hypertrabeculation and noncompaction phenotype (50) , and the endothelial deletion of Brg1 causes reduced cardiac jelly, reduced trabeculae, and thin compact layer (14) . Our Jarid2 Nkx mice also showed no significant changes in cell proliferation at E13.5 and E15 when ventricular defects were obvious. Thus, although cell proliferation is critically involved in the formation of trabecular and compact layers, other processes such as planar cell polarity, cell adhesion and alignment, and proper myocardial differentiation are also important. There has been no direct evidence that the trabecular layer contributes to the thickened ventricular wall at late stages. Interestingly, recent studies using lineage-tracing experiments indicate that both trabecular and compact myocardium contribute to generating the middle hybrid myocardial zone of the ventricular myocardium, although the myocytes from the compact layer contribute more than the trabecular cardiomyocytes (51) . Some coronary vessels in the myocardium seem to arise from an endocardial lineage, suggesting endocardial cells are trapped during trabecular coalescence (52) .
Isl1, an important early cardiac transcription factor, was identified as one of the direct target genes of Jarid2 and up-regulated in Jarid2 Nkx hearts. Isl1 expression is also up-regulated in Nkx2.5-Cre mediated PRC2 KO hearts (20) , supporting functional cooperation between Jarid2 with PRC2 within the developing heart. Isl1-null mice are embryonic lethal at E10.5 with severe abnormalities in the heart (32) . However, the effect of Isl1 overexpression within the heart remains unknown although Isl1 overexpression enhances differentiation of ES cells into cardiac progenitors (53) . Isl1 is a marker of the secondary heart field, but recent studies indicate that Isl1 also expresses in the primary heart field (24, 53) . Although Isl1 expression is reduced around E10.5 during normal heart development, Isl1-positive cells have been reported as cardiac progenitors or nodal cells in embryonic and adult hearts (39) . Therefore, overexpression of Isl1 in Jarid2 Nkx hearts may be indicative of myocardial differentiation defects or increased progenitor populations in the Jarid2 Nkx heart. Persistent expression of Isl1 may contribute to a failure of neuronal gene repression and/or an increase in conduction system-specific
gene expression, rendering defective ventricular maturation. Although Bmp10 expression was increased in Jarid2 Nkx hearts, Bmp10 promoter loci were not identified as Jarid2 targets by ChIP-chip, suggesting indirect regulation of Bmp10 expression by Jarid2. Interestingly, Bmp10 is also induced in PRC2 KO hearts, but not directly regulated by PRC2 (20) . Because Bmp10 expression is restricted to the trabecular layer in the normal heart and critical for trabecular formation (38) , it would be interesting to identify the regulatory mechanism of Bmp10 expression.
In this study, we used whole heart extracts. The heart contains heterogeneous cell populations including fibroblasts and endothelial cells, but cardiomyocytes are a major cell type in the embryonic heart. Jarid2 expresses at a higher level in cardiomyocytes compared with other cell types in the embryonic heart (30) , and the fibroblasts express very low levels of Jarid2 (54) . As shown in Fig. 1 , Jarid2 expression levels are significantly reduced in Jarid2 Nkx versus control hearts. Thus, major molecular changes in Jarid2 Nkx hearts are likely to be detected using whole heart extracts.
In undifferentiated ES cells, many genes that are required for subsequent states of development are enriched with histones modified simultaneously for active transcription (H3K4me2/3) and PRC2-mediated repression (H3K27me3), which is referred to as being "bivalent" (17) . This serves to prime undifferentiated cells to respond rapidly to lineage-dependent induction.
Histone methylation is tightly regulated in part by balancing functions of Jmj histone demethylases and SET domain containing histone methylases (3) . Moreover, the methylation status of H3K27 impacts on H3K4 methylation and vice versa (55, 56) . These cross-talks are important for fine regulation of the histone methyl code, and developmental gene expression. Jarid2 may mediate H3K4 methylation as shown in Fig. 5C . It would be interesting to determine whether Jarid2 facilitates demethylation of H3K4 or inhibits methylation of H3K4. Jarid1B, a H3K4 demethylase, regulates mouse development by protecting developmental genes from inappropriate H3K4me3 accumulation such as neural master regulators (57) . Recently, de novo mutations identified in congenital heart disease patients are mainly in histone modifying genes (4) . In particular, five genes encode proteins that regulate H3K4me3 including Jarid1B, highlighting the importance of H3K4 methylation status during heart development.
Deletion of Ezh2 in the secondary heart field causes postnatal myocardial pathology and destabilizes cardiac gene expression with the activation of Six1 (58) . This work suggests that epigenetic dysregulation in embryonic progenitor cells is a predisposing factor for adult disease and dysregulated stress responses. Because our data indicate that Jarid2 regulates only a subset of targets through PRC2 in the developing heart, other target genes of Jarid2 should be regulated by different mechanisms. Indeed, Jarid2 regulates other target gene expression via interaction with Setdb1 by depositing H3K9me3 epigenetic marks during heart and immune cell development (8, 59) . Jarid2 also interacts with long noncoding RNAs, such as MEG3 for proper recruitment of PRC2 at target genes in pluripotent stem cells or with Xist long noncoding RNA for X chromosome inactivation (60) . Thus, complex epigenetic regulatory mecha-nisms exist to confer distinct roles of Jarid2 in different developmental processes. Together, our results indicate that Jarid2 is necessary during a narrow developmental window to establish correct epigenetics on the target genomic loci, which is prior to differentiation of cardiac progenitors into cardiomyocytes. Once cardiac progenitors are differentiated to cardiomyocytes, Jarid2 appears dispensable for cardiac morphogenesis. It would be interesting to determine whether the cardiac progenitors at early stages around E7.5 already show an elevated neuronal profile in the Jarid2 Nkx mice.
Experimental procedures
Animal husbandry and genotyping
All the mice were housed at the animal facility in accordance with University of Wisconsin Research Animal Resource Center policies and the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals. All animal research has been reviewed and approved by an Institutional Animal Care and Use Committee (protocol M005971). All mice were littermate or age-matched control and mutants. Studies were not blinded. Herein, Jarid2 conditional deletion mice using Nkx2.5-Cre knock-in mice (21), Nkx2.5-Cre/ϩ;Jarid2f/f, are designated as Jarid2 Nkx . To generate Jarid2 Nkx mice, females with floxed Jarid2 alleles (Jarid2f/f) (61) were mated with Nkx2.5-Cre/ϩ;Jarid2f/ϩ males. cTnt-Cre mice (Jackson Laboratories) were employed to delete Jarid2 in differentiated cardiomyocytes (cTnt-Cre/ϩ;Jarid2f/f), designated as Jarid2 cTnt . Embryos were isolated from timed-mated females at E9.5-19.5 days postcoitum. All mice employed in this study were bred to a mixed 129/Svj and C57BL/6 genetic background, and genotyping was performed as described previously (61) .
Western blotting, coimmunoprecipitation, and primary cultures of cardiomyocytes
To determine the protein levels, Western blotting was performed using embryonic heart extracts, as described previously (19) . The primary antibodies used were anti-Jarid2 peptide antibodies (19) , anti-Isl1 (DSHB, Developmental Studies Hybridoma Bank), anti-Phospho-Smad 1/5/8 (CST), or anti-GAPDH (EMD) followed by HRP-conjugated secondary antibodies (Santa Cruz). Protein bands were detected by chemiluminescence (Thermo Fisher) and quantitated with NIH ImageJ. Coimmunoprecipitation was performed as described (8) . Briefly, precleared nuclear extracts from E15.5 hearts were immunoprecipitated with nonspecific rabbit IgG or Jarid2 antibody, followed by incubation with protein A/G-agarose beads (Santa Cruz), SDS-PAGE, and Western blotting with Ezh2 antibody (CST). Primary cultures of embryonic hearts at E15.5 were prepared as described (62) , yielding about 70% cardiomyocytes under our culture conditions. The cells on coverslips were subjected to co-immunostaining using Jarid2 with PECAM (BD Biosciences) or MF20 (DSHB) antibodies.
In situ hybridization, histology, and immunohistochemistry
In situ hybridization was performed to examine the expression pattern of Bmp10 mRNA in mouse embryonic hearts. Section in situ at E13.5 was carried out using digoxigenin/UTP-
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labeled antisense cRNA probes (Roche) as described (19) . Bmp10-C1/pSK(ϩ) plasmid was obtained from Dr. W. Shou (20) .
Hematoxylin and eosin (H&E) staining was performed as described (9) . Immunohistochemistry was performed on paraffin-embedded sections as described (19) . Briefly, tissue sections were incubated with primary antibodies, anti-Jarid2, anti-MF20, anti-Ki67 (Abcam), or anti-P-H3 (EMD). Alexa dyeconjugated secondary antibodies (Thermo Fisher) or Biotin (Sigma)/streptavidin-HRP (Thermo Fisher) systems with diaminobenzidine substrate kit (Vector Laboratories) were used for visualization. Hoechst dye was used for the counterstaining of nuclei. Images were taken using a Zeiss Axiovert 200 microscope and an AxoiCam HRc camera. Alcian blue staining for cardiac jelly and Masson's trichrome staining for collagen were performed as described (9, 63) .
Quantitative ChIP (q-ChIP) and ChIP-chip assays
qChIP experiments were performed as described previously (8) . All the experiments were repeated in duplicate at least three times on E14.5 control and Jaird2 Nkx hearts with preimmune serum, Jarid2, Ezh2 (CST), H3K27me3 (EMD), or H3K4me3 (EMD) antibody. For the amplification of the Isl1 locus, the following primers were used: Ϫ4 -kb forward, 5Ј-caaagattccggagaaaggaatg-3Ј; Ϫ4 -kb reverse, 5Ј-gagttcaggtggttgtttctgtcat-3Ј; Ϫ2.7kb forward , 5Ј-gaagtccaattttgacaggagagtgt-3Ј; Ϫ2.7kb reverse, 5Ј-cctcttgtgttcaatgagggatt-3Ј; Ϫ0.5kb forward, 5Ј-gttccaagtgccccccttt-3Ј; Ϫ0.5kb reverse, 5Ј-agtagctggtgggtaggtccttc-3Ј; ϩ2 kb forward, 5Ј-gaattagacagagcagatcaaattgc-3Ј; ϩ2kb reverse, 5Ј-ccaattgttcgcagacagatga-3Ј; ϩ5 kb forward, 5Ј-ttttaaaaaggagcctgcctctt-3Ј; and ϩ5b reverse, 5Ј-caccaaatcacgtagaatgaatgg-3Ј.
ChIP-chip for H3K27me3 was performed as we described (8, 64) . Briefly, sonicated chromatin from 20 pooled E17.5-fixed hearts was immunoprecipitated using H3K27me3 antibody, followed by the reversal of cross-linking and DNA purification. Immunoenriched DNA targets were amplified by whole genome amplification and fluorescently labeled, which were then hybridized onto the Roche NimbleGen 3X720K RefSeq promoter arrays and scanned with an Axon 4000B. After the arrays were extracted using Nimblescan (Roche), global and local normalization and data smoothing in R was performed, and peaks were detected using ChIPOlte (64) and in-house algorithms. Peaks with a p value less than 10 Ϫ14 were used for analyses.
Reporter gene assays and qRT-PCR
Reporter gene assays were performed as described previously (19) . An Isl1 reporter plasmid containing the Jarid2 occupied region (Ϫ0.5-kb region) was constructed by subcloning the Isl1 locus from Ϫ0.9 to ϩ0.15 kb of the transcriptional start site into the pGL3 basic vector (Promega). A reporter plasmid lacking the Jarid2-occupied region was constructed by subcloning a region from Ϫ0.12 to ϩ0.15 kb into the pGL3 basic vector. The reporter vector (100 ng) was transfected into 10T1/2 cells in a 24-well plate. Jarid2 or Jarid2 mutants in pcDNA3.1-HisB-Xpress (42) were co-transfected with or without EED/ pCDH, or EZH2/pCDH (from Dr. P. Lewis) using Lipo-fectamine 2000 (Thermo Fisher). Luciferase assays were performed 2 days after transfection using the luciferase assay system (Promega). A ␤-galcytomegalovirus vector was used for normalizing the luciferase activity. The Jarid2 mutant constructs have been characterized in detail (42, 65) , and were expressed equally well when transfected as previously reported (Fig. S7B ). Thus, differences in their transcriptional activities are not caused by different expression levels of the mutants.
qRT-PCR was performed as we described (19) . Briefly, mRNAs extracted from embryonic hearts were reverse transcribed to cDNA followed by qRT-PCR using FastStart SYBR Green Master (Roche) on a Bio-Rad iCycler. The appropriate primers for each gene are listed in Table S4 . All primers were thoroughly evaluated by melt curve analysis to ensure the amplification of a single, desired amplicon. All samples were assayed in duplicate with nearly identical replicate values. Data were generated using the standard curve method and normalized to 18S expression. qRT-PCR data were analyzed by the RQ analysis algorithm (Bio-Rad).
Statistical analysis
Data represent the average of 3 to 5 replicates and mean Ϯ S.E. The replicate numbers are indicated in the text. Significance was tested by the Student's t test for 2 groups: *, p Յ 0.05; **, p Յ 0.01. 
